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Abstract: It is important to investigate the mechanical performances of (Gd0.9Yb0.1)2Zr2O7 (GYbZ)
materials deposited on irregular substrates for improving new thermal barrier coatings. Three-point
bending fracture characteristics of freestanding GYbZ coating prepared by supersonic plasma sprayed
(SPS) technique were investigated with the help of digital image correlation technique. The cracking
time, crack propagation path, and mechanical properties of GYbZ coating were obtained. Meanwhile,
the X-ray computed tomography technique was introduced to scan the microstructure of freestanding
GYbZ coatings, which are used to establish three-dimensional (3D) finite element model by using the
Avizo software. The brittle cracking criterion was applied to describe the bending fracture process of
GYbZ coatings. The critical cracking strain was estimated as 0.36%±0.03% by repeatedly comparing
the difference between the experimental and simulated curves. The results would be extended to
predict the dangerous region and failure mechanisms of GYbZ coatings deposited on irregular
substrate during finite element simulations.
Keywords: thermal barrier coating; X-ray computed tomography; bending fracture; geometrical
reconstruction; cracking strain

1

Introduction

Thermal barrier coatings (TBCs) with lower thermal
conductivities and higher thermal insulation capabilities
* Corresponding authors.
E-mail: C. Dai, daicuiying@xtu.edu.cn;
X. Zhu, zhuxiaolei@ njtech.edu.cn

have been widely applied in gas-turbine engines and
jet engines. Thermal barrier coatings consist of four
layers, i.e., ceramic top-coat (TC), bond-coat (BC),
thermally grown oxide (TGO), as well as superalloy
substrate [1–3]. As a classical ceramic top coat
material, 6–8 wt% yttria stabilized zirconia (YSZ) had
attracted the attention of numerous researchers owing
to its excellent properties such as low thermal
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conductivity and high thermal expansion coefficients
(TECs). However, its phase transformation and sintering
result in a poor performance when the service
temperature exceeds 1200 ℃ [4]. Therefore, in recent
years, many researchers developed rare-earth doped
zirconia and zirconate TBCs, such as ScGdSZ [5],
La2Zr2O7 [6,7], and Gd2Zr2O7 [8–13]. Zhang et al. [14]
systematically investigated the thermophysical properties
of Yb2O3 doped Gd2Zr2O7 and obtained many interesting
results. They found that (Gd1−xYbx)2Zr2O7 exhibited
lower thermal conductivities and higher thermal expansion
coefficients (TECs) than Gd2Zr2O7. The TECs increase
with the increasing of Yb2O3 contents. (Gd0.9Yb0.1)2Zr2O7
(GYbZ) ceramic exhibited the lowest thermal conductivity
among all the ceramics studied, within the range of
0.8–1.1 W/(m∙K) (20–1600 ℃). The results of thermal
cycling tests show that the GYbZ/YSZ double-ceramiclayer coatings have a more extended lifetime than the
single YSZ coatings [14,15]. It may be attributed to
excellent thermal insulation properties and high
coefficient of thermal expansion of GYbZ coating.
Generally, most TBCs systems in practice have
complex and irregular geometrical structures, it is
difficult to estimate their reliability and durability using
experimental methods and analytical solutions. It is
necessary to develop finite element method (FEM) to
predict the failure mechanisms and danger region of
TBCs deposited on irregular geometric metal components
[16]. Over the past decades, many scholars used FEM
to study the multiple fragmentation and failure analysis
of TBCs. An attempt was made to overcome the actual
complex surface topography by generating finite element
geometrical model of the TBCs based on actual 2D
microstructure images, and the growth of micro-cracks
was clearly observed during the simulation [17,18].
The interface fracture toughness and actual interface
morphology of the TBCs system were investigated and
observed, then micro-computed tomography was used
to observe the evolution of microstructure and reveal
the failure mechanisms [19–23]. Li et al. [24] analyzed
the residual stress distributions based on the real threedimensional (3D) images using computed tomography,
and discussed the accurate strain gradient distribution
measurements as a function of depth in TBCs systems.
Fan et al. [25,26] studied the effect of TGO on the
multiple surface cracking behaviors in an air plasma
sprayed (APS) TBCs by using extended finite element
method (XFEM). Zhu et al. [27,28] established a finite
element model to evaluate the stress distributions and

simulated spallation of TBCs with two-dimensional (2D)
real TGO morphology under thermal stress. Jiang et al.
[29] analyzed the residual stress and top coat cracking
behavior in TBCs under cyclic thermal loading by FEM
with the cohesive zone model. Zhu et al. [30] determined
the interfacial residual stress in TBCs by using FEM
analysis and digital image correlation method. In addition,
most of work studied the mechanical properties of
composite materials by using X-ray tomography and
finite element mesh models [31–34]. However, true TBCs
structures have a lot of pores, micro-cracks, and different
crystallization orientation. As we know, little FEM
work reported the effect of real defects on fracture failure
of GYbZ TBCs based on 3D geometrical reconstruction.
The aim of this paper is to analyze three-point
bending failure process of GYbZ coating using X-ray
micro-computed tomography and FEM techniques, and
estimate the key failure parameters of FEM corresponding
to the fracture GYbZ coating. Three-point bending
fracture tests of freestanding GYbZ coating prepared by
supersonic plasma sprayed (SPS) were studied with the
aid of digital image correlation (DIC). The cracking
time, crack propagation path, and mechanical properties
of GYbZ coating were obtained. Meanwhile, the real
structure of GYbZ coating specimen was firstly scanned
using X-ray micro-computed tomography. All images
were digitally processed with Avizo tool. 3D geometrical
reconstruction model was obtained and imported into
the commercial ABAQUS. The brittle cracking criterion
in FEM was applied to judge the cracking nucleation,
propagation, and fracture of GYbZ coating during
bending tests. The necessary parameters of brittle
cracking criterion in FEM were evaluated by repeatedly
comparing the difference between experimental and
simulated curves. The results will provide useful guidance
for improving finite element simulation accuracy of the
GYbZ TBCs failure mechanism with irregular geometric
configurations.

2
2. 1

Materials and methods
Materials and sample preparation

GYbZ ceramics were produced by making use of
solid-state reaction method, using Gd2O3, Yb2O3, and
ZrO2 (≥ 99.99%) powders as original materials [14,15].
GYbZ powder was sprayed onto a medium carbon
steel plate by SPS technique with a Metco-Triplex I
plasma torch (Sulzer Metco, Winterthur, Switzerland).
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The detailed preparation parameters are shown in Table
1. In order to avoid the effects of the underlying
substrate, the coated steel substrate was cut into small
strips of the specified size using commercial cutter
(IsoMet 4000). The steel substrate was etched with
dilute hydrochloric acid solution and freestanding GYbZ
coating specimens were obtained. Then, three samples
were cut into 30 mm×6 mm×3 mm for bending tests.
In order to remove the influence of dilute hydrochloric
acid solution soaking, freestanding GYbZ samples were
cleaned with deionized water, acetone, and ethanol, in
sequence, then dried.
2. 2

Three-point bending tests

Three-point bending tests of freestanidng GYbZ coating
were performed by utilizing universal testing machine
(WDT115) at loading rate of 0.05 mm/min. Here the
span was 20 mm. The schematic diagram and
experimental apparatuses of three-point bending tests
are shown in Fig. 1. Meanwhile, the micro-scale speckle
patterns were fabricated and optimized by spinning an
Table 1

Preparation parameters of GYbZ coating by SPS
Parameter

Supersonic plasma sprayed for TC

Gun

HEPJet

Power (kW)

50–80

Max. current (A)

600

Max. voltage (V)

220

Distance (mm)

80–110

Ar/H2 (SLPM)

60–90

Feed rate (g/min)

30–60

Particle velocity (m/s)

400–450

Oxygen (SCPH)

—

Carrier gas (NLPM)

—

Fig. 1

epoxy resin and powder for DIC measurements [35].
According to the micrographs of the patterned surface,
the evolution of strain and cracking of each sample
was in situ monitored and recorded by utilizing a
charge-coupled device camera (GOM Co., Germany)
with resolution of 1624 pixel × 1236 pixel, performed
a sample rate of one image per second. The detailed
strain fields and fracture information were evaluated
through the relevant DIC software (ARAMIS)
post-processing.
All experimental data including critical fracture load,
strain fields, fracture time, and cracking behavior, can
be obtained from the aforementioned tests, which are
used to analyze the mechanical properties of GYbZ
samples. Bending strength ( σ b ) and Young’s modulus
(E) can be obtained by the following equations [36].
σb =
E=

3FL
2 Bw2
L3 m
4 Bw3

(1)
(2)

where F denotes the peaking load, L is the size of the
span, B and w are the width and thickness of the
specimen, respectively. m is the slope of the tangent to
the initial linear part of the load-deflection curve. σ b
and E as critical parameters would be imported into the
subsequence FEM simulation.

3
3. 1

3D geometrical reconstruction
X-ray computed micro-tomography scanning

X-ray computed micro-tomography (X-ray μCT, No.
600 kV/225 kV dual source industrial DR/CT) is one

(a) Schematic of three-point bending test with the aid of DIC and (b) the experimental system.
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of the most promising high-resolution non-destructive
imaging techniques, and it has been extensively applied
to detect the internal defects in materials by utilizing
the high fluxes from synchrotron sources [37–40]. The
schematic diagram of the micro-focus X-ray CT is
illustrated in Fig. 2. A bundle of X-ray sources
penetrates through the object along different paths
during the rotating of the sample, then is projected on
the detector to obtain a series of 2D projection
photographs by computer processing. It is important to
choose the right sample size or scan parameters to
obtain high-quality projection images due to the strong
X-ray attenuation characteristics of GYbZ coating.
Here, the size of the scanned sample was designed as
35 mm×2.5 mm×1.5 mm. The accelerating voltage and
tube current were 160 kV and 500 μA , respectively.
For each projected photograph, the scanning time was
set as 1000 ms. The minimum pixel size was about
11 μm by using 18
× geometrical magnification. The
total 500 slice images were obtained through the
reconstruction of X-ray data and stored in tiff file
format.
3. 2

CT image processing

Compared to traditional surface characterizations of
TBCs, the volumetric data from CT scanning has been
widely used to quantitatively analyze the internal
microstructural features of the GYbZ coating, such as
micro-cracks and large voids (> 50 μm), as well as
fracture surface [41,42]. However, the limited resolution
prevented the analysis of clear images and even
affected the understanding of failure modes of GYbZ
coatings. Therefore, in order to enhance the quality in
2D images, all tomographic photographs were digitally
processed with a commercial Avizo software (FEI,

Fig. 2 Schematic of the X-ray CT acquisition process,
where the SOD and ODD are 105 and 189 mm, respectively.

version 9). The detailed processing workflow is listed
in Fig. 3. Thresholding and segmentation techniques
were implemented to distinguish different items
(micro-cracks and material). The original picture
obtained from the CT facility is shown in Fig. 4(a).
These images show that there are a large number of
intrinsic micro-cracks on the GYbZ samples during the
preparation process, which severely shorten the service
lifetime of the GYbZ coating. The GYbZ material is
presented by light grey or white (high intensity voxels)
and the micro-cracks are described by black color (low
intensity voxels). To extract or clearly distinguish
microscopic defects (mainly micro-cracks) in the
original image as much as possible, each digital image
was processed with the following procedures. All
original pictures were firstly processed into grayscale
images with 256 gray levels. The grayscale images
were enhanced to eliminate the related noise for clear
boundaries and complete contours. They were
transformed into binary images by attaching the
interactive thresholding module of the Avizo software,
where the value of the threshold is set as 29 during the
binarization processing analysis. It is noted that the
thresholds for each image were adjusted to distinguish
the micro-cracks and large voids in the GYbZ coating.
However, when the acquisition data is too coarse or
noisy, thresholding cannot distinguish boundary or
contour owing to the gray levels of the considered objects
are not uniform enough across the volume, or some
objects’ boundaries cannot be distinguished because

Fig. 3 Processing workflow of the X-ray μCT images by
using the Avizo software.
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the resolution is too low. Therefore, it is found that the
separation by connecting a separate-objects module to
the thresholded data plays an important role in
compensating the GYbZ coating images with too low
resolution, noise, and intensity. Meanwhile, the image
separation was performed using watershed algorithm.
In some cases, it may be necessary to proceed to

semi-automatic or manual segmentation, where
semi-automatic segmentation was used in this article.
Furthermore, the median filter process was used to
preserve edges while removing noise. The interesting area
and useful information are found after the above steps,
and the cracking information can be extracted through
the image processing method, as shown in Fig. 4(b).

Fig. 4 Finite element modeling process of GYbZ coating with a commercial Avizo software: (a) The original images obtained
from the X-ray μCT, (b) the internal true structure of GYbZ coating after the image processing, (c) superficial mesh processing
of GYbZ coating sample, and (d) FEM meshes of GYbZ coating sample, where a representative region with dashed elliptical is
enlarged, as shown in inset.
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3D reconstruction

The tomographic images were permitted for producing
a 3D view and reconstructed using Avizo software. The
generation process includes the following steps, extracting
the surface from the segmentation result by connecting
a generate surface module to the segmentation data.
Owing to the number of triangles created by the generate
surface module is far too large for subsequent operations,
it is indispensable to use surface simplification module
to reduce the number of triangles. Some indistinguishable
cracks and holes were inevitably ignored during this
simplification process. In contrast, the reconstructed
model for CT analysis was simplified, and the combined
FEM and DIC experiments will provide more quantitative
data in subsequent analysis. It is noted that the
orientation of a few triangles may be inconsistent after
surface simplification, resulting in partial overlap of
the GYbZ material defined by the triangles. Therefore,
it is necessary to use manual operations to repair. At
last, 3D geometrical superficial meshes of GYbZ coating
specimen with true microscopic defect (mainly cracks
and micro-voids) distribution, which was determined
to be a reconstruction artifact, can be obtained, as shown
in Fig. 4(c).
However, the superficial mesh (triangular elements)
cannot be used for finite element simulations. Therefore,
it is essential to use the self-adaptive delaunay algorithm
to generate a volumetric tetrahedral grid from the
triangular surface for numerical simulations. And the
specific examinations are useful for preparing a
tetrahedral grid generation. During this process, we
need to check the aspect ratio of the triangle mesh and
the dihedral angle among the triangle meshes by using
surface/tests module. It is found that the largest aspect
ratio should be below 20 (better below 10). The
smallest dihedral angle should be larger than 5° (better
larger than 10°) [43]. On the contrary, it can result in
intersecting triangles and affect mesh quality. Finally,
the volumetric tetrahedral grid was generated by
attaching the generate tetra grid module, as shown in
Fig. 4(d). Similarly, the tetrahedral quality tests are
indispensable. The largest tetrahedral aspect ratio
should be below 50 (better below 25) to eliminate the
non-convergence in numerical simulations as much as
possible. After the aforementioned operations, it means
that the volume enclosed by the surface was filled with
tetrahedra. The examination of the reconstructed
volume indicates that the microstructure characteristics
can be easily distinguished based on the transparency

of the X-ray illumination [42]. The INP file was
exported from the Avizo software and imported into
the ABAQUS program for numerical simulation.

4
4. 1

Results and discussion
SEM observations of freestanding GYbZ
coating

Figure 5 displays SEM images on the polished surface
of three as-sprayed freestanding GYbZ coatings.
Owing to the extremely high cooling rate in the
particles during the plasma sprayed process, sufficient
adhesion cannot be established among the deposited
particles. For as-prepared samples, a large number of
inherent cracks and pores exist. The porosity of the
GYbZ coating was analyzed by using commercial
Image J software. Three sample porosities are about
10.4%, 9.6%, and 8.4%, respectively. The average
porosity of as-sprayed freestanding GYbZ coating is
about 9.5%. EDS analysis shows that the GYbZ
coating mainly contains 30% O, 41% Zr, 24% Gd, and
about 1% Yb, which indicates it has relatively few
impurities during the preparation process.
4. 2

Bending fracture tests of freestanding GYbZ
coating

Figure 6 displays the representative axial strain
mappings ( ε xx ), of three GYbZ coating specimens
during three-point bending tests. In Fig. 6(a), it can be
seen that the time corresponding to cracking nucleation
and rupture is 90 and 187 s, respectively, and the
critical bending load is 21.5 N. Similarly, it is shown in
Figs. 6(b) and 6(c) that the cracking nucleation time is
93 and 94 s, respectively. It means that the quality
consistency of GYbZ coating specimens is good. As
bending loads increase, in situ DIC analysis reveals
that the crack first forms close to the maximum
bending moment location and propagates along the
thickness direction. The experimental data including
bending load, failure strain, and time were recorded by
computer and used to evaluate σ b and E. The critical
strain corresponding to cracking formation can be
estimated from DIC analysis. The average value is
about 0.33%±0.04%. Therefore, the average σ b and
E of three GYbZ coating specimens can be obtained
about 12 MPa and 3.86 GPa by Eqs. (1) and (2),
respectively.
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Fig. 5 SEM micrographs of the polished surface of as-sprayed freestanding GYbZ coating: (a) 1# specimen, (b) 2# specimen,
and (c) 3# specimen. (d) EDS spectra of the GYbZ coating components.

Fig. 6 Evolution of strain mapping of three GYbZ coating samples during bending tests: (a) 1# specimen, (b) 2# specimen, and
(c) 3# specimen. Here F denotes the breaking load, corresponding to the cracking nucleation.
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The stress in the GYbZ coating beneath the neutral
layer is tensile state during three-point bending fracture
process. Generally, this tensile stress is easier to induce
the nucleation and propagation of the primary cracking,
as shown in Fig. 6. The maximum stress or moment
locates in the central of the sample, where the first
crack forms. With the increasing of bending loads, the
crack gradually grows. In addition, DIC analysis shows
that the crack path is affected by the microstructure,
pores and voids in the GYbZ coating prepared by SPS.
DIC is a powerful tool for in-situ measurement of
microstructure-processing-deformation-failure relationships of advanced ceramic or composite coatings under
different scales [44–47].
4. 3

Cracking strain estimation of GYbZ coating in
FEM

FEM analysis procedure for bending fracture of GYbZ
coating is shown in Fig. 7. The damage behavior of
GYbZ coating is simulated by ABAQUS/Explicit [48].
The indenter as well as the left and right support are
defined as the analytical rigid bodies. The upper and
lower surfaces of finite element model with real
structure are assumed to be hard contacts. The friction
coefficient of the contact surface is set to 0.05.
Moreover, the element type is selected as C3D4
(tetrahedral unit). The total number of nodes and
elements of the reconstructed FEM models is 98,531
and 513,978, respectively. Moreover, the average
tetrahedral element volume can be approximately
estimated to be 8.8±3.2 voxels.

Fig. 7 Estimation procedures of the cracking strain of
freestanding GYbZ coating sample by using ABAQUS.

Brittle cracking criterion is introduced to judge
cracking nucleation and propagation of GYbZ coating
during the FEM simulations with real structure. The
necessary material parameters of FEM model including
elastic modulus, Poisson's ratio, and fracture strength
are obtained, where E = 3.86 GPa, μ = 0.27, σ b = 12
MPa, and ρ = 5.89 g/cm3 are provided by using the
Archimedes drainage method [49,50]. According to the
cracking strain, 0.33%±0.04%, from the DIC results,
different cracking strain data are inputted to the FEM
model and the corresponding bending load–displacement
curve is obtained. We compare the difference between
the experimental and simulated curves and estimate the
optimized cracking strain.
Figure 8 presents the progressive damage process of
GYbZ coating model with defects. It can be seen that
the cracking configuration is similar to the experimental
results presented in Fig. 6(a). To further explore the
damage mechanisms of GYbZ coating, the model
contains a large number of mesh defects, as shown in
Fig. 4(d). The initial damage first appears between the
tetrahedral element nodes and then expands along the
weakest place. It is found that the mesh at the fracture
surface is distorted, which may be attributed to the stress
concentration. In addition, the interaction of random
distributed large voids under bending loads would result
in different propagation paths and fracture modes of the
GYbZ coating, depending on the inter-splat boundaries
orientation [51]. The FEM analysis reveals that
deformation of GYbZ coating is highly sensitive to the
local microstructure, as shown in Fig. 8. It can clarify
the local rupture trends with the aid of DIC measurements.
The cracking strain determined by DIC analysis during
bending tests was 0.33%±0.04%. We attempted to set
the different cracking strains within the range of
0.33%–0.48% during FEM simulations, and analyzed
the difference between the experimental and simulated
load–displacement curves, as shown in Fig. 9. The
local cracking behaviors in the GYbZ coating were
confirmed by FEM calculations. Finally, the optimized
cracking strain of GYbZ coating is estimated as about
0.36%±0.03%. The corresponding critical load and
fracture displacement are obtained as 20.3 N and
0.072 mm, respectively. They are in good agreement
with the experimental results, 21.5 N and 0.068 mm,
respectively. It can be obviously determined that the
ABAQUS curve has the same behavior as the experiment,
which means that the boundary conditions, material
properties, and internal defects (mainly micro-cracks)
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Fig. 8 Evolution of deflection of freestanding GYbZ coating during the FEM of three-point bending fracture process. The first
fractured region is enlarged, as shown in inset.

are successfully replicated. Therefore, the reliability and
feasibility of the reconstruction model are well proved.
The critical strain evaluated by FEM and experimental
tests is useful for judging the delamination formation
and fracture threshold for strain-based lifetime models.
In addition, the 3D FEM model with true micro-crack
structure of GYbZ coating will provide good guidance
for predicting the service lifetime and reliability of
TBCs with irregular geometry substrates.

Fig. 9 Estimation of the critical cracking strain of GYbZ
coating sample by FEM, comparing with the experimental
data.

5

Conclusions

Freestanding GYbZ coatings were prepared by SPS
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technique. The bending characteristics of GYbZ coating
were measured with the aid of DIC technique. The
fracture strength and elastic modulus of GYbZ coating
were determined as 12 MPa and 3.86 GPa, respectively.
The average cracking strain of GYbZ coating was about
0.33%±0.04% by using DIC analysis. The average
porosity of as-sprayed freestanding GYbZ coating was
about 9.5%. Moreover, 3D finite element model with
true micro-crack structure of GYbZ coating was
reconstructed by using CT technique and Avizo
software. The critical cracking strain of GYbZ coating
evaluated in FEM simulation was about 0.36%±0.03%
by progressively attempting different values, comparing
with experimental load–displacement curves. It can be
seen from Fig. 9 that the simulated and experimental
load–displacement curves are well matched within the
allowable range of the error. Thus, the reliability and
feasibility of the reconstruction model are proved. The
main merit of this modeling approach is that it can take
into account actual defects in the model, and then can
be converted to finite element meshes. Finally, the
ultimate goal is to establish a FEM model of the
irregular TBCs containing defects, and apply in the
high temperature environment of the TBCs to accurately
predict the service lifetime in the future.
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